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Abstract 
A bacterial consortium was enriched from gold particles that „experienced‟ ca. 80 
years of biotransformation within waste-rock piles (Australia). This bacterial consortium was 
exposed to 10 µM AuCl3 to obtain Au-tolerant bacteria. From these isolates, Serratia sp. and 
Stenotrophomonas sp. were the most Au-tolerant and reduced soluble Au as pure gold 
nanoparticles, indicating that passive mineralisation is a mechanism for mediating the toxic 
effect of soluble Au produced during particle dissolution. Genome-wide analysis 
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defence enabling survival under heavy-metal stressed condition by mediating the toxicity of 
heavy metals through active efflux/reduction. Diverse metal-resistant genes or genes clusters 
(cop, cus, czc, znt, ars) were detected, which could confer resistance to soluble Au. 
Comparative genome analysis revealed that the majority of detected heavy-metal resistant 
genes were similar (i.e. orthologous) to those genes of Cupriavidus metallidurans CH34. The 
detection of heavy-metal resistance, nutrient cycling, and biofilm formation genes 
(pgaABCD, bsmA, hmpS) may have indirect yet important roles when dealing with soluble 
Au during particle dissolution. In conclusion, the physiological and genomic results suggest 
that bacteria living on gold particles would likely use various genes to ensure survival during 
Au biogeochemical cycling.  
 
Keywords: Gold particles; Heavy-metal resistance; Serratia; Stenotrophomonas; Gold 
biogeochemistry, Gold biogeochemical cycling, Au-tolerant bacteria 
 
Introduction 
Bacteria residing on gold particles have been directly observed using high-resolution 
electron microscopy or indirectly inferred using high-throughput molecular techniques (Rea 
et al. 2018; Reith et al. 2009; Shuster et al. 2015). From a materials characterisation 
perspective, the surface of particles often contained crevices that are filled with secondary 
gold structures (pure gold nanoparticles or bacteriomorphic structures), inorganic material 
(clays and other minerals), and organic material (cells and Extracellular Polymeric 
Substances, EPS) (Fig. 1). Crevices containing these materials are commonly referred to 
polymorphic layers and are considered microenvironments (or ecological micro-niches) 
where gold dissolution and gold precipitation are likely to occur, thereby forming secondary 
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2017; Youngson and Craw 1993). Studies taking a molecular approach have detected a 
number of bacterial operational taxonomical units (OTUs) from the direct amplification of 
16S rDNA from gold particles (Reith et al. 2018 and references therein). It has been revealed 
that these OTUs represent a diverse range of bacteria, with various functional capabilities, 
that could form multispecies biofilms on gold particles (Rea, Zammit and Reith 2016). 
Hence, the notion that bacterial biofilms commonly occur on particles and contribute to 
biogeochemical conditions within the microenvironments (polymorphic layers) they inhabit 
(Reith et al. 2010; Reith et al. 2018). More specifically, the bacterial biochemical activities 
within the polymorphic layers could create a suitable physicochemical condition including 
low pH and organic ligands for gold dissolution from particles (Sanyal, Shuster and Reith 
2019b). 
 Few studies have directly enriched or characterised viable bacteria that occur within 
polymorphic layers on gold particles or determined whether or not particle-associated 
bacteria are tolerant to soluble Au, i.e., gold that would be dissolved during the 
biotransformation of particles (Sanyal, Shuster and Reith  2019a; Shuster et al. 2015a; Sanyal 
et al. 2020). Additionally, studies on gold geomicrobiology have focused on the interactions 
of various photosynthetic or chemolithotrophic bacteria or low molecular weight compounds, 
i.e., amino acid, cyanide, protein, from proxy bacterial species with soluble auric thiosulphate 
or chloride (Johnston et al. 2013; Lengke et al. 2006;  Lengke and Southam 2005; Shuster et 
al. 2014; Shuster et al. 2015b; Southam and Beveridge 1994).  
Microbes are known to catalyse the oxidation of metals (e.g., Mn, Fe, Cu, Ag, Au) 
under Earth‟s near-surface environmental conditions (Gadd 2010; Jelen, Giovannelli and 
Falkowski 2016). In terms of Au biogeochemical cycling, it has been suggested that 
bacteria/biofilms contribute to gold particle dissolution via the production of organic acids. 
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precipitation. During passive mineralisation, bacteria/biofilms act as a reservoir of electrons 
that are “stripped” away by soluble Au which has a strong electron affinity (Shuster and 
Reith 2018). While gold biogeochemical cycling increases gold purity on the outer surface of 
particles, soluble Au is highly cytotoxic and can diffuse into the cytoplasm of cells, thereby 
generating oxidative stress and potentially inhibiting protein/enzyme function (Wiesemann et 
al. 2017;  Zammit et al. 2016). Under these conditions, bacteria can become Au-tolerant and 
use different biochemical machinery to mediate the toxic effect of soluble Au. For example, 
Cupriavidus metallidurans CH34 is an aurophilic bacterium that is often detected on gold 
particles as well as in mineralised soils/sediment. This bacterium has been shown to express a 
gold/copper-regulated gene (copA) leading to the energy-dependent reduction and 
precipitation of soluble Au, i.e., active mineralisation. Additionally, C. metallidurans CH34 
has been shown to express and up-regulate the  oxidative stress-related genes in the presence 
of soluble Au (Bütof et al. 2018;  Zammit et al. 2016). 
In terms of linking particle-associated bacteria with Au biogeochemical cycling, 
previous studies have assigned broad putative functions, e.g., EPS production, auto-
aggregation, C/N cycling, or cell dispersion, to OTUs representing bacteria on gold particles 
(Rea, Zammit and Reith 2016; Reith et al. 2018; Sanyal, Shuster and Reith  2019a). In doing 
so, the inferred presence of bacteria and their assigned putative functions were used to 
reconstruct multispecies „biofilms‟ that could contribute to Au biogeochemical cycling on 
particles (Rea, Zammit and Reith 2016; Reith et al. 2018). More recently, functional 
capabilities were evaluated from bacterial DNA from gold particles obtained from various 
depositional environments around the world (Reith et al. 2019). Although viable Au-tolerant 
bacteria have been enriched from particles (Sanyal, Shuster and Reith  2019a), identification 
of their functional capabilities is a gap in the current literature. Therefore, the aim of this 
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particles. In doing so, Au-tolerant bacteria were isolated from particles and their 
physiological response to soluble Au stress was assessed. Additionally, their genomes were 
analysed to ascertain their likely functional capabilities that could be used as “survival 
mechanisms” during Au biogeochemical cycling. We hypothesize that Au-tolerant bacteria 
harbour diverse heavy-metal resistant genes similar to C. metalidurans CH34, which could 
enable survival during gold particle dissolution within polymorphic layers. To test the 
hypothesis, this study evaluates the soluble Au tolerance/reduction capacity of the Au-
tolerant isolates as well as compares their genomes with the genome of C. metallidurans 
CH34. This study is a continuation of how Au biogeochemical cycling selects for Au-tolerant 
bacteria residing on particles undergoing biotransformation. More importantly, this study 
provides a physiological and genomic perspective of how these microbes adapt to “extreme” 
microenvironmental conditions. 
 
Materials and Methods 
Bacterial enrichment from gold particles 
Waste-rock from an abandoned mine site in Donnybrook, Western Australia, was 
sluiced and panned to recover residual gold that occurred as particles. The environment, 
history of mining activity, sampling procedures, and gold particle structure and chemistry are 
fully described in Sanyal, Shuster and Reith  (2019a) (doi: 10.1093/femsec/fiz078). For this 
study, a bacterial enrichment was obtained by placing 20 gold particles into a test tube with a 
push cap containing 20 mL of Tris Minimal Medium (TMM). Abiotic controls included test 
tubs with push caps containing: TMM or sterile saline solution (20 mL) with 20 gold 
particles. Note that all test tubes, push caps, TMM, and saline solutions were sterilised using 
an autoclave prior to experimental use. The bacterial enrichment and abiotic controls were 
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Selecting and identifying bacterial isolates with the highest Au-tolerance  
To isolate Au-tolerant bacteria, an aliquot (1 mL) from the bacterial enrichment was 
transferred to a test tube containing 19 mL of fresh TMM with 10 µM AuCl3. This selective 
enrichment was incubated for 7 days under the same conditions used for the primary 
enrichment. After incubation, the selective enrichment was serially diluted (10
-3
 fold) using 
filter sterilised (0.2 µm-size pore size) deionised water. The terminal dilution was transferred 
onto solid agar (1.5 %w/v) TMM with 10 µM AuCl3. The plates were then placed in 25 °C 
incubator for 7 days. Individual bacterial colonies were first observed after 2 days of 
incubation. After 7 days of incubation, the most abundant colonies (5) that were 
morphologically distinct were selected, sub-cultured, and purified using fresh liquid TMM.  
From the 5 isolates, genomic DNA was extracted using the ATP™ Genomic DNA 
Mini Kit (Promega, USA). To check whether or not any of the isolates contained any extra-
chromosomal DNA, the Wizard®Plus SV Minipreps plasmid DNA Purification kit 
(Promega, USA) was used to extract any plasmid DNA. Using universal primers for the 
bacterial 16S rRNA gene (27F and 1492R), polymerase chain reaction (PCR) was performed 
followed by sequencing. Partial 16S rRNA gene sequences from individual isolates were 
subjected to nucleotide BLAST analysis (http://www.ncbi.nlm.nih.gov/) to identify the most 
similar species based on the most significant sequence homology. A phylogenetic tree was 
constructed using assembled sequences of 16S rRNA gene and the neighbour-joining 
algorithms following the p-distance model by using MEGA 5.0 software (Tamura et al. 
2007). The 16S rRNA sequences of the respective isolates were deposited in National Centre 
for Biotechnology Information (NCBI) GenBank database under the accession numbers 
MN704661- MN704666. For this article, isolate notation has been simplified: D1 (reported as 
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From the 5 bacterial isolates (D1 to D5), isolates with the highest Au-tolerance were 
selected for further genome-wide analysis. Using a 96 well microtiter plate, wells were filled 
with 20 µL of a pure bacterial culture and 130 μL of fresh TMM or TMM containing AuCl3 
(10, 25, or 50 µM Au final concentration). Both types of growth medium, with no bacterial 
inoculum, were also used as abiotic controls. All experiments and abiotic controls were 
performed in triplicate. The optical density of the wells was measured using a Synergy
TM
 Mx 
Microplate Reader (BioTek); the average optical density (OD600) of all wells was 0.04 ±0.02. 
The plate was placed in a 25 ºC incubator for 7 days. After incubation, bacterial growth was 
determined by re-measuring the OD using the same microplate reader. Wells with OD600 ≥0.2 
were considered to have positive bacterial growth, i.e., within the exponential growth stage.  
 
Most Au-tolerant isolates: growth patterns and gold reduction capacity 
Growth patterns: Since the D1 and D2 isolates were the most Au-tolerant, their 
growth patterns with and without the presence of AuCl3
 
 were assessed using an experiment 
that was performed in a similar manner as the Au-tolerance experiment described in Section 
2.2. Using a 96 well microtiter plate, aliquots (20 µL) of D1 or D2 isolates were transferred 
to wells containing 130 µL of TMM or TMM supplemented with AuCl3 (10, 25, or 50 µM 
Au final concentration). The plate was placed in a 25 ºC incubator for 5 days. Optical 
densities were measured using the same BioTek Synergy
TM
 Mx Microplate Reader at 2 hour 
intervals (between 0 –18 hours of incubation), followed by 12-hour intervals (between 24 – 
96 hours of incubation), and at 120 hours of incubation.  
Au-reduction capacities: The D1 and D2 isolates were used to determine their 
respective capacity to reduce soluble Au. In doing so, sterile borosilicate glass test tubes 
containing a bacterial isolate (5 mL-volume) was exposed to AuCl3 with a final measured 
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push caps and were mixed by vortex. Growth medium (pH 7.0 ±0.5) containing 200 µM Au 
was used as an abiotic control to determine if constituents in TMM could abiotically reduce 
Au. Additionally, 168 µM Au solutions were also used as abiotic controls to determine 
whether or not Au could abiotically precipitate out of solution during the course of the 
experiment. The bacterial isolate-Au systems and the abiotic controls were wrapped in 
aluminium foil to prevent any photocatalytic effects, performed in triplicate, and placed in a 
25 ºC shaking incubator. Note that the 168 µM Au concentration was necessary for 
visualisation by electron microscopy (described below). The exposures to soluble Au were 
arrested after 0.5, 1, 2, 4, 8, or 16 hours of incubation by centrifuging (12,000 × g for 1 min) 
the bacterial isolate-Au systems to form a bacterial-gold pellet and removing the supernatant, 
i.e., spent TMM with residual soluble gold. The supernatants were separately filtered using  
0.2 µm pore-size filters and were analysed using an Agilent 8900x Triple Quad Inductively 
Coupled Plasma-Mass Spectrometer (ICP-MS) to measure the concentration of residual 
(unreacted) soluble Au. The amount of reduced gold was calculated by subtracting the 
measured concentrations from the initial input.  
The bacterial-gold pellets were immediately washed by resuspending the cells in 
phosphate-buffered saline (PBS, pH = 7.0) and mixing by vortex to rinse any soluble Au that 
may have been adsorbed on the extracellular surface of cells. The cells were re-pelleted by 
centrifugation, and the PBS supernatant was discarded. After performing a second wash in 
the same manner, the bacterial-gold pellets were resuspended in 2%(aq) glutaraldehyde for 24 
hours to fix the cells. 
Electron microscopy: Fixed cells from bacterial-gold pellets were prepared for 
scanning electron microscopy in the methods modified from Shuster et al. (2019a). Briefly, 
fixed cells were centrifuged (12,000 × g for 1 min) to form a pellet and the supernatant 
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dehydrated in a series of ethanol solutions (70%(aq), 90%(aq), 3 × 100%), followed by a 1:1 
ratio of 100% hexamethyldisilazane (HMDS):100% ethanol, and finally by 100% HMDS. 
The bacterial-gold pellets were separately incubated in each solution for 15 min. Dehydrated 
samples were collected onto 0.2 µm pore-size filters, air-dried for 24 hours, mounted onto 
aluminium stubs using carbon adhesive tabs, and coated with a 20 nm-thick deposition of 
carbon. The samples were characterised using secondary electron (SE) or backscatter electron 
(BSE) imaging modes using a Helios NanoLab Scanning Electron Microscope (SEM), 
equipped with an Oxford Instruments Energy Dispersive Spectrometer (EDS), operating at 5 
kV or 10 kV accelerating voltage.  
 Additional bacterial-gold pellets were prepared for transmission electron microscopy. 
In doing so, the fixed cells were post-fixed using 2%(aq) osmium tetroxide followed by 1%(aq) 
uranyl acetate with 1 hour exposures for each solution. The post-fixed cells were then 
dehydrated in a serial ethanol series (70%(aq), 90%(aq), 95%(aq), and 3 × 100%) with 15 min 
incubation for each concentration. The samples were then embedded in a 1:1 ratio of 
propylene oxide:epoxy resin and incubated for 1 hour. The samples were then transferred to 
100% epoxy resin and were allowed to polymerise overnight on a rotating 70 °C heating 
block. From the polymerised resin block, ultrathin (70 nm-thick) sections were the cut using a 
diamond knife and a 4 Leica ultramicrotome, collected on formvar, carbon-coated copper 
grids, and analysed using a Phillips CM200 transmission electron microscope (TEM), 
equipped with GATAN 832 SC1000 CCD camera, operating at 200 kV. 
 
Most Au-tolerant isolates: genomic capabilities  
Genomic DNA from the D1 and D2 isolates was analysed at the molecular level to 
ascertain their genomic capabilities that could contribute to Au biogeochemical cycling. The 
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(Illumina, Inc). The raw sequences were trimmed and filtered by using AdapterRemoval v.2 
for removal of sequencing adaptor sequences and low-quality bases (Schubert , Lindgreen 
and Orlando 2016). The filtered sequence reads quality was examined by using FastQC 
(Andrews 2010). For sequence assembly, “Unicycler” assembly pipeline was used (Wick et 
al. 2017). Unicycler contains the SPAdes and PILON software to assemble sequence reads, 
resolve single nucleotide polymorphisms (SNPS), insertion-deletion (indels) or local mis-
assemblies. The assembled contigs were re-arranged using Mauve, i.e., multiple genome 
alignments, to get ordered contigs (Darling et al. 2004). The contigs re-arrangement was 
performed using closest reference genomes available in the NCBI GenBank.  
The functional annotation of the genomes was carried out using Patric 
(https://www.patricbrc.org/) and further processed in NCBI Prokaryotic Genome Annotation 
Pipeline (PGAP) (Wattam et al. 2013). The presence of genomic islands (GIs) in the genome 
of the isolates were detected by the prediction approach using islandviewer4 (Bertelli et al. 
2017). Note that this tool incorporates the IslandPick, IslandPath, DIMOB and SIGI-HMM 
algorithms. Additionally, the presence of transposable elements (i.e., insertion sequence, IS) 
were detected in the genomes using ISsaga2 (https://www-is.biotoul.fr/). This Whole 
Genome Shotgun (WGS) project has been deposited at NCBI GenBank under the accession 
SRHZ00000000 (Serratia sp.) and SRIA00000000 (Stentrophomonas sp.). The version 
(SRHZ01000000 and SRIA01000000) described in this paper is statistically validated by 
NCBI and available on NCBI website. 
 
Comparative Genomics 
 The genome sequences of the two Au-tolerant isolates were compared with the 
genome of C. metallidurans CH34. In doing so, the genome sequence of C. metallidurans 
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sequence repository (https://www.ncbi.nlm.nih.gov/genome/). The genome-wide comparison 
and annotation of clusters of orthologous groups (COGs) between organisms were performed 
using the OrthoVenn2 (Xu et al. 2019). Additionally, MEGA 5.2 was used for comparative 
analysis of orthologous gene sequences to understand the extent of sequence homology. Note 
that this analysis was exclusively performed to target those genes responsible for heavy-
metals resistance, nutrient cycling (i.e., carbon/nitrogen metabolism in nutrient limiting 
condition), stress response, and biofilm formation. 
 
Results  
Bacterial enrichments from gold particles 
Positive growth in the bacterial enrichment was observed by the progressive 
development of turbidity during incubation. Turbidity was first observed after 7 days and was 
attributed to bacterial cells, which was confirmed by using 10 mL-volume aliquots of the 
fluid phase and a light microscopy (data not shown). Turbidity did not occur in the abiotic 
controls.  
 
Selective enrichment and isolation of Au-tolerant bacteria  
Some bacteria, transferred from the primary enrichment, were able to grow in the 
presence of 10 µM AuCl3. From this selective enrichment, 5 morphologically distinct 
colonies (D1 to 5) were isolated. Sequencing and phylogenetic reconstruction of 16S rRNA 
gene revealed that 4 out of 5 isolates, at the phylum level, belonged to Proteobacteria while 
one isolate belonged to Actinobacteria. The 5 isolates were identified as Serratia sp. (D1), 
Stenotrophomonas sp. (D2), Pseudomonas sp. (D3), Arthrobacter sp. (D4), and Enterobacter 
sp. (D5) (Fig. 2). Serratia sp. (D1) and Stenotrophomonas sp. (D2) were the most tolerant to 
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Comparatively, Pseudomonas sp. (D3), Arthrobacter sp. (D4), and Enterobacter sp. (D5) 
were the least tolerant to soluble Au as growth only occurred in the presence of 10 µM 
AuCl3. 
 
Serratia sp. and Stenotrophomonas sp.: growth patterns and Au-reduction capacity 
When grown in TMM, Serratia sp. and Stenotrophomonas sp. reached a stationary 
growth phase (OD600 ≃ 0.6) within 48 hours of incubation at 25 ºC and demonstrated a 
„normal‟ growth pattern. When Serratia sp. and Stenotrophomonas sp. were grown in the 
presence of soluble Au, lag-phases were prolonged, and the stationary growth phase began 
between 100 and 120 hours of incubation (Fig. 3).  
The reduction of soluble Au by Serratia sp. and Stenotrophomonas sp. was rapid; 
almost 50% of soluble was reduced within 30 minutes by both isolates. After 4 hours of 
exposure, both isolates reduced ≥89% of AuCl3 and appeared to reach a maximum reduction 
capacity as the amount of Au in solution remained relatively similar after 8 and 16 hours 
(Fig. 4A). Note that Au concentrations in the abiotic controls did not change. Both Serratia 
sp. and Stenotrophomonas sp. reduced soluble Au as pure gold nanoparticles (euhedral 
crystals or octahedral platelets) that were less than 100 nm in size (Fig. 4B-D). While some 
gold nanoparticles occurred on the extracellular surface, TEM analysis demonstrated that 
some gold nanoparticles also occurred intracellularly (Fig. 4E).  
 
Genome characterisation and comparative genomics 
The (draft) genome of Serratia sp. and Stenotrophomonas sp. were approximately 5.2 
Mb and 4.6 Mb in size with a guanine-cytosine (GC) content of 54.9% and 66.0%, 
respectively. The draft genome of Serratia sp. was assembled into 35 contigs containing 4771 
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Stenotrophomonas sp. was assembled into 91 contigs containing 4176 functional genes, 46 
pseudogenes and 14 frameshifted genes. For comparison, the genome organisation of C. 
metallidurans CH34 is different from these two isolates. It contains two large replicons (CHR 
1 and 2) with a size of 3.93 Mb and 2.58 Mb, respectively (Janssen et al. 2010). It has been 
suggested that, the smaller replicon CHR2 might be acquired as a plasmid and later gradually 
evolved into a second chromosome (CHR1) through lateral gene transfer.  
Both Au-tolerant isolates did not contain any plasmids, while CH34 contains two 
mega-plasmids. An interesting feature of C. metallidurans CH34 genome is the presence of 
laterally acquired genomic islands (total 16; 11 in CHR1) and the high abundance of 
transposable elements. The bioinformatical analysis of the genome of Au-tolerant isolates 
Serratia sp. and Stenotrophomonas sp. revealed that both isolates contain laterally acquired 
genomic islands (GIs) and the transposable elements. Using islandviewer4.0 tool, 6 GIs were 
detected in Serratia sp. D1 and 9 in Stenotrophomonas sp. D2. See Table 1,  NCBI 
Accession PRJNA529743 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529743) for 
further details regarding genome statistics for each isolate.  
The genome-wide comparison of Serratia sp., Stenotrophomonas sp., and C. 
metallidurans CH34 demonstrated that Stenotrophomonas sp. and C. metallidurans CH34 
shared 1511 orthologous gene clusters, whereas Serratia sp. and C. metallidurans CH34 
shared 1675 gene clusters. Both Au-tolerant isolates, shared 1470 orthologous genes clusters. 
Interestingly, 1121 orthologous genes clusters were shared by all three isolates (Fig. 5A). 
These genes were involved in functioning with hydrolase, transporter, molecular function, 
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Genes: Heavy-metal resistance, stress tolerance, nutrient cycling and biofilm formation 
A total of 47 genes related to heavy-metal resistance (22), stress tolerance (10), 
nutrient cycling (9), or biofilm formation (6) were identified from Serratia sp. and 
Stenotrophomonas sp. Both isolates contained various genes clusters as well as distinct genes 
that covered a broad range of heavy metals (Cu, Pb, Co, Zn, Cd, As, and Cr) resistance 
(Table 2). The orthologous clusters of copper-resistant genes of Stenotrophomas sp. (copB, 
copD, cueO) and Serratia sp. (cusFCBA) demonstrated significant sequence homology with 
the cop and cus genes of C. metallidurans CH34 (Fig. 6, Table. 2). Serratia sp. contained a 
Zn/Cd translocating P-type ATPase gene zntA while Stenotrophomonas sp. contained two 
sets of efflux-RND pump encoding czcABC genes clusters (Fig.7). Structurally and 
functionally similar zntA and czcABC genes were also detected in the genome of CH34 (Fig. 
7, Table 2) 
While Serratia sp. had more stress-response genes (10) compared to 
Stenotrophomonas sp. (6), all genes were related to neutralisation of free radicals causing 
cellular oxidative stress or damage, as well as metabolic or environmental stress. Among 
these stress tolerance genes, gstA (glutathione peroxidase), gpx (glutathione peroxidase), 
sodB (superoxide dismutase) and ohr (peroxide resistance) genes were detected in Serratia 
sp., Stenotrophomonas sp. and C. metallidurans CH34. In terms of nutrient cycling, genes for 
carbon, nitrogen, and xenobiotic compound metabolism under nutrient-limiting conditions 
were similar between the two isolates. Interestingly, all genes related to biofilm formation 
were distinct to each isolate. See Table. 3 for the full list and descriptions of the stress 
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Au-tolerant bacteria identification and gold mineralisation  
Gold particles, including those from Donnybrook (Fig. 1), often contain pure gold 
nanoparticles or overgrowth depending on the degree of (bio)transformation (Groen, Craig 
and Rimstidt 1990; Rea et al. 2019; Sanyal, Shuster and Reith 2019; Youngson and Craw 
1993). Nanoparticles form when gold-silver alloy is dissolved from a particle and soluble Au 
is reduced by an (in)organic substance (Shuster et al. 2017). In this present study, the 
selective enrichment of Au-tolerant bacteria supports the notion that gold dissolved from 
particles could selects for Au-tolerant bacteria (Reith et al. 2009;  Sanyal, Shuster and Reith  
2019). Viable Proteobacteria (Shewanella sp. and Nitrobacter sp.) on placer gold particles 
were thought to contribute to particle biotransformation within the Saldaña River, Colombia 
(Shuster et al. 2015a). Additionally, it has been demonstrated that Stenotrophomonas sp. and 
Pseudomonas sp. are capable of reducing soluble Au as nanoparticles (Karthikeyan and 
Beveridge 2002; Song et al. 2008); while EPS produced by Serratia sp. and Arthrobacter sp. 
can reduce heavy metals via passive biomineralisation (Shuhong et al. 2014; Srivastava and 
Thakur 2012). Therefore, it is reasonable to suggest that Au-tolerant Proteobacteria (Serratia 
sp., Stenotrophomonas sp., Pseudomonas sp., Enterobacter sp.) and Actinobacteria 
(Arthrobacter sp.), isolated in this study (Fig. 2, 3), could contributed to particle 
biotransformation within the waste-rock piles at Donnybrook. Additionally, the formation of 
octahedral gold platelets by Serratia sp. and Stenotrophomonas sp. appeared morphological 
similar to those which were observed on particles (compare Fig. 4 and 1). Therefore, it is 
possible that some octahedral gold platelets on particles could have been bacterially formed. 
Furthermore, the isolation of Enterobacter sp. highlights the diversity of Au-tolerant 
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kangaroos faeces (Gordon and FitzGibbon 1999;  Hernández, Mellado and Martínez 1998). It 
is important to remember that mining activity ceased over 80 years ago, and the abandoned 
sites have been reclaimed by indigenous plants such as Eucalyptus sp. and Allocasuarina sp. 
and fauna (based on field observations). Therefore, this historic mining site is changing from 
an engineered environment to a natural environment. In doing so, enteric bacterium from 
animals could become incorporated into the microbial community of gold-bearing 
soils/sediments, thereby contributing to Au biogeochemical cycling. 
 
Heavy-metal resistance genes 
Gold particle dissolution likely occurs as punctuated “episodes” that reflect changes 
in seasonal to decadal rainfall patterns within a given environment (Shuster et al. 2017). In 
Donnybrook, particle dissolution likely occurred at a rate of 1.60 × 10
-9
 M Au per year within 
the waste-rock piles (Sanyal, Shuster and Reith  2019). During particle dissolution, soluble 
Au could form organic or inorganic Au complexes (Shuster and Reith 2018). If these soluble 
Au complexes are stable, sublethal concentrations could select for metal-tolerant bacteria 
residing on particles (Reith et al. 2009). Consequently, these metal-tolerant bacteria could 
contribute to Au biogeochemical cycling within microenvironments, i.e., polymorphic layers, 
thereby perpetuating the biotransformation of particles (Rea et al. 2018). In this study, the 
enrichment and isolation of Au-tolerant isolates from particles supports the notion that 
particle transformation selectively enriches heavy-metal resistant bacteria. The genome wide 
analysis and comparison of Serratia sp. and Stenotrophomonas sp. with each other and with 
C. metallidurans provides insight into the genome structure, genes, and biochemical function 
of these bacteria (Fig. 5A, Table 1). The presence of 1121 shared orthologous genes clusters 
between Serratia sp., Stenotrophomonas sp., and C. metallidurans CH34 highlights the 
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importantly, the presence of various genomic islands and mobile genetic elements within the 
genome of Au-tolerant isolates highlights the possibility of lateral gene transfer between 
bacterial communities inhabiting Au particles. While further studies are required, laterally 
acquired genes could be essential for Au-tolerance in natural or engineered environments 
(Sanyal et al. 2020). 
In this study, the detected copper-resistance genes clusters, e.g., cop, cue, cus, 
detected  in the genome of Au-tolerant isolates were similar to those of C. metallidurans 
CH34 (Fig. 6). Wiesemann et al. (2013) observed that the copABCD determinant on 
chromosome 2 of C. metallidurans CH34, which encodes periplasmic proteins involved in 
copper resistance, is necessary for the complete resistance against soluble Au. While this role 
primarily depends on the metabolic state of cells and Au/Cu concentration (Wiesemann et al. 
2013), periplasmic copper oxidase (CueO) in association with CopA can inhibit the entry of 
soluble Au into the cytoplasm causing oxidative damage. Therefore, detoxification is 
achieved by reducing soluble Au as nanoparticles in the periplasmic space (Bütof et al. 
2018). Serratia sp. and Stenotrophomonas sp. are generally considered to be more ubiquitous 
in soils/sediments and abundant on gold particles relative to Cupriavidus sp. (Adegoke, 
Stenström and Okoh 2017; Diels et al. 2009;  Martínez et al. 2018). Therefore, the detection 
of similar copper-resistant genes (copA, copCD, cueO) in Au-tolerant Serratia sp. and 
Stenotrophomonas sp. suggests that these microbes could also synergistically detoxify 
soluble Au and Cu, even though they are not considered to be “aurophillic” microbes. 
Additionally, the presence of copL and copB genes in Stenotrophomonas sp., which are 
known to provide hyper-tolerance to Cu complexes in some metal-resistant bacteria along 
with C. metallidurans CH34, reflects the potential of periodic elevation of copper levels in 
the environment over the last 100 years and its effect on biosphere (Staehlin et al. 2016; 
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composed of 68.3 wt.% Au and 31.7 wt.% Ag (Sanyal, Shuster and Reith 2019a). Therefore, 
the presence of tripartite RND Cu/Ag efflux pump encoding genes, e.g., cusFCBA, in 
Serratia sp. highlights the possibility of Ag resistance in this isolate.  
Other heavy-metal genes have been detected from bacterial consortia in soils 
associated with mineralised systems (Reith et al. 2012a). In this present study, other heavy 
metal (arsenic, cadmium, chromium, cobalt, zinc, and other copper) resistance gene/s (znt, 
czc, ars, chr) were detected  in the genome of Au-tolerant bacteria. (Table 2). It is important 
to note that these heavy metals were also detected in elevated concentration in the gold-
bearing host sediment (Sanyal, Shuster and Reith 2019a). Stenotrophomonas sp. contains two 
variants (distinct copy) of cobalt, zinc, cadmium specific RND efflux pump genes, i.e., 
czcCBA homologous to C. metallidurans (Fig. 7). Although these heavy-metal resistant genes 
were distinct to their respective Au-tolerant isolates, they could have important roles in 
bacterial survival, especially in a mineralised system containing elevated concentrations of 
other heavy-metals. More importantly, the presence of diverse heavy-metal resistance genes 
indicate that different metal-resistance genes could be expressed within Au-tolerant bacteria, 
thereby providing a broad-spectrum of metal-tolerance as a strategy for survival during 
particle biotransformation. Previous studies have primarily relied on a culture-independent 
approach to infer putative bacterial functions and their possible contribution to particle 
biotransformation (Rea et al. 2018; Rea, Zammit and Reith 2016; Reith et al. 2018). This 
present study provides genomic evidence of heavy-metal resistance from Au-tolerant bacteria 
isolated from gold particles.  
 
General-stress response, nutrient cycling, and biofilm formation genes 
Although general-stress genes are often non-specific, they can be categorised as 
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Interestingly, the majority of stress response genes detected from both Au-tolerant isolates 
code for oxidative stress mediating proteins (Table 3). These proteins are known to repair 
cellular damage caused by heavy metals, provide antioxidative defence, and metal 
homeostasis (Cabiscol, Tamarit Sumalla and Ros Salvador 2000). From both Au-tolerant 
isolates, oxidative-stress genes such as gpx, gstA,, sodB, ohr  were detected and are important 
for repairing cellular damage attributed to heavy metals (Hu et al. 2005). More importantly, 
these genes were also detected in the genome of C. metallidurans CH34. The glutathione 
ABC transporter genes (gsiBC) was detected in the genome of  Serratia sp.; the protein from 
this gene enables resistance against various heavy metals such as uranium, chromium, and 
cadmium (Yung et al. 2014). It is important to note that glutathione (GSH) can perform 
diverse functions including metal-ion chelation and protection against oxidative damage 
attributed to heavy-metal stress (Jozefczak et al. 2012). Additionally, it has been proposed 
that the reducing conditions and the presence of several glutathione-bearing proteins could 
destabilise and reduce soluble Au as pure gold nanoparticles (Bütof et al. 2018).  
Since mining activity often involves stripping land of natural vegetation, i.e., disrupts 
natural environmental conditions, nutrient availability becomes an increasing important factor 
for successful reclamation (Salomons 1995; Stehouwer, Day and Macneal 2006; Tordoff, 
Baker and Willis 2000). Despite bushland re-establishment at Donnybrook, the waste-rock 
piles contained low total carbon and nitrogen concentrations (0.12 and 0.01 wt%, 
respectively; Sanyal et al., 2019a), which were consistent with other historic mining sites in 
semi-arid regions of Australia (Holt 1997; Reith and McPhail 2007). Polymorphic layers on 
gold particles, could be considered “extreme” in the context of limited nutrient availability. 
Therefore, it would be advantageous for Au-tolerant bacteria residing on particles to have 
genetic determinants for survival in these nutrient-deficient and heavy metal-bearing 
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Serratia sp. and Stenotrophomonas sp. both contained carbon-storage regulator A gene (csrA) 
and a carbon-starvation gene (cstA) (Table 3). The former gene regulates central-carbon flux 
during nutrient-limiting conditions (Webb, Givskov and Kjelleberg 2003) while the latter 
gene metabolises peptides as a nutrient scavenging mechanism (Dubey et al. 2003).  
Additionally, both isolates contained nitrogen-regulation (ntr), nitrogen-assimilation (nac) 
genes and xenobiotic compound metabolising genes (Table 3), which enables bacteria to 
utilise a wide range of alternative nutrient sources (Merrick and Edwards 1995).  
The expression of broad heavy-metal resistant genes or oxidative-stress genes 
provides instant protection ensuring survival of individual bacterial cells (De Angelis and 
Gobbetti 2004; Nies 1999). Biofilm formation, however, could be considered a long-term 
survival strategy, especially for communities that are exposed to soluble metals including Au 
since intracellular material from lysed cells can act as reductants for soluble metals (Harrison 
, Ceri and Turner 2007). A biofilm‟s matrix contains polysaccharides, which have been 
reported to bind heavy metal cations (Teitzel and Parsek 2003). With the oxidation of EPS 
material or cells at the biofilm-fluid interface, soluble Au „strips‟ electrons allowing cells 
deeper within the biofilms to be protected from the toxic effect of soluble Au, thereby 
enabling survival (Karthikeyan and Beveridge 2002; Shuster et al. 2015b). In this study, 
Serratia sp. contained lipo-protein gene (bsmA) and biofilm formation regulator gene (hmsP); 
while, Stenotrophomonas sp. contained poly-β-1,6-N-acetyl-d-glucosamine export protein 
gene cluster (pgaABCD). Expression of these genes could help the respective bacteria to form 
and regulate biofilm development and provide biofilm structural integrity (Wang , Preston 
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Outlook on gene expression  
Given the importance of heavy-metal genes as well as other genes (general-stress 
response, nutrient-cycling, biofilm formation) as survival mechanisms during particle 
biotransformation, it is worth considering the possible timing of gene expression (Fig. 8). 
From this study, Serratia sp. and Stenotrophomonas sp. represent two Au-tolerant bacteria 
from a dominant phylum (Gamma-Proteobacteria) that reside on gold particles and could 
contribute to particle biotransformation. As such, the timing of gene expression is important, 
especially since microenvironmental conditions are dynamic and the punctuated episodes of 
gold dissolution with subsequent precipitation, i.e., cycling, likely reflects variations in 
seasonal or decade precipitation (Sanyal, Shuster and Reith  2019a; Shuster et al. 2017). 
Hence, water is necessary not only for gold-oxidation/-reduction reactions but also to support 
microbial life. Indeed, factors such as temperature, salinity, and pH would also be influenced 
by rainfall and would thereby influence Au biogeochemical cycling (Shuster and Reith 2018). 
When Au-tolerant bacteria are exposed to soluble Au during particle dissolution, it is possible 
that oxidative-stress genes could be expressed prior to the expression of heavy-metal 
resistance genes. This sequence of gene expression has been demonstrated using 
Acidithiobacillus ferrooxidans with an immediate exposure (pulse) to Cd
2+
 as well as a Cd-
tolerant A. ferrooxidans cultured in the presence of soluble Cd (Ramos-Zúñiga et al. 2019). 
Therefore, it is possible that the contemporaneous expression of heavy-metal stress genes and 
oxidative-stress (attributed to heavy metals) genes could deal with the toxicity of soluble Au 
complexes. Furthermore, surface runoff into a river system can „wash in‟ nutrients that are 
could support microbial growth within river sediment (Varol and Şen 2012), including 
biofilm formation on gold particles. Increased biofilm development would produce low 
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particles (Sanyal, Shuster and Reith 2019b). Under these conditions, cells would likely turn 
on gene expression to replace biomass “lost” to soluble Au reduction at the biofilm-fluid 
interface. While biofilm formation could promote gold particle dissolution, an increased 
amount of biomass (cells and EPS) could also favour passive gold mineralisation, thereby 
contributing to the continuum of Au biogeochemical cycling on particles.  
 
Conclusion  
 The present study provides an in-depth analysis of physiological and molecular 
responses of Au-tolerant bacteria (Serratia sp. and Stenotrophomonas sp.) that naturally 
occur on the surface of gold particles. The exposure of Serratia sp. or Stenotrophomonas sp. 
to soluble Au was a laboratory-model representing how these bacteria would respond to gold 
dissolution during the biotransformation of particles within the waste-rock piles at 
Donnybrook (Western Australia). From a physiological perspective, these microbes were 
tolerant to high soluble Au concentrations (25 or 50 µM Au), which are considered 
anomalous relative to concentrations detected in mineralised systems. The viability of these 
isolates under this heavy-metal stressed conditions can be attributed, in part, to their ability to 
form gold nanoparticles either intracellularly or extracellularly, thereby reducing the toxicity 
of soluble Au. From a molecular perspective, these Au-tolerant isolates contained diverse 
heavy-metal resistance and stress tolerance genes similar to those of aurophilic C. 
metallidurans CH34. While the expression of these genes may have a role in Au particle 
biotransformation, their contributions to the genome of both isolates highlight the diversity of 
possible survival mechanisms in microenvironment (polymorphic layers) where Au 
biogeochemical cycling would likely occur. From a broad microbial ecology perspective, this 
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respond to changes within the microenvironments they inhabit; specifically, how these metal-
resistant bacteria could survive during Au biogeochemical cycling. 
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Figure 1. A low-magnification backscatter electron (BSE) scanning electron microscope 
(SEM) micrograph of a gold particle recovered from Donnybrook, Western Australia (inset). 
See Sanyal et al., 2019b for details on particle characterised. A low-magnification BSE SEM 
micrograph of pure gold nanoparticles that occur as octahedral platelets (arrows). These gold 
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Figure 2. Neighbour-joining 16S rRNA tree showing the phylogenetic positions of the gold-
tolerant bacteria that were isolated from the selective enrichment. Numbers at branching 
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Figure 3. A graphical plot of Serratia sp. and Stenotrophomonas sp. growth patterns in the 
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Figure 4. The graphical plot of AuCl3 reduction by Serratia sp. and Stenotrophomonas sp. 
over time (A). A representative, low-magnification secondary electron (SE) SEM 
micrographs of Serratia sp. exposed to soluble gold for 2 hours. Cells were rod-shaped with 
gold nanoparticle occurring on the extracellular surface (B). A high-magnification SE SEM 
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platelets (C, white arrow). A representative energy dispersive spectroscopy (EDS) spectrum 
of the octahedral gold nanoparticles (D). Note the dashed line highlights the crystal 
boundaries (D, inset). A low-magnification TEM micrograph of Serratia sp. exposed to 
soluble gold for 2 hours. Ultrathin TEM sections revealed that soluble gold was also 
intracellularly reduced and occurred as nanoparticles less than 50 nm in size (E). Note that 
Stenotrophomonas sp. also reduced AuCl3 as pure gold nanoparticles less than 100 nm in size 
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Figure 5. A Venn diagram showing the numbers of unique and shared orthologous genes 
clusters 
among Serratia sp., Stenotrophomonas sp., and Cupriavidus metallidurans CH34 (A). A pie-
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Figure 6. A schematic of different copper-resistance genes clusters (cop, cus, cue) either 
detected in Serratia sp. (D1) or Stenotrophomonas sp. (D2) and its comparison with 
Cupriavidus metallidurans CH34. The size of the arrow represents the relative length of the 
genes with in and between the organisms. The arrow with the same colour represents the 
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Figure 7. A schematic of different heavy-metal (e.g., lead, zinc, cobalt, cadmium) resistance 
gene clusters (znt, czc) either detected in Serratia sp. or Stenotrophomonas sp. and its 
comparison with Cupriavidus metallidurans CH34. The size of the arrow represents the 
relative length of the genes within and between the organisms. The arrow with the same 
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Figure 8. A schematic diagram representing Au-tolerant bacteria on gold particles and 
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Table 1. Comparison of general genome features from Serratia sp. (D1) and Stenotrophomonas (D2) 
and C. metallidurans CH34. 
Genome 
Properties 
Serratia sp. Stenotrophomonas sp. C. metallidurans CH34 
CHR1 CHR2* 
Genome Size (Mb) 5.2 4.6 3.93 2.58 
G + C ratio (mol %) 54.9 66.04 63.8 63.6 
Total Genes 4914 4293 3652 2314 
Protein Coding Genes 4771 4176 3522 2256 
tRNA 75 63 55 8 
rRNA Genes  3  4  6 6 
Genomic Island 6 9 11 0 
Transposable Elements  12 14 8 7 
Plasmid 0 0 2 
*Mega Plasmid 
 
Table 2. The detection of heavy-metal resistance genes in Serratia sp. (D1), Stenotrophomonas sp. (D2), and C. metallidurans CH34. 









copA Cu-translocating P-type ATPase Detoxification of Cu ion + + + 
copB Cu resistance protein B Cellular Cu ion homeostasis - +* +* 
copC Periplasmic Cu-binding protein Cu ion transport + +* +* 
copD Cu-resistance membrane protein Cu detoxification via transport + +* +* 
copZ Cu chaperone Cu(I)-binding and delivery to CopA - + + 
copL Cu-binding lipoprotein (Regulator) Cu hyper resistance - + + 
cueO Multicopper oxidase Cu detoxification via Cu(I) oxidation                        + + + 
cupC Cytoplasmic Cu metallochaperone Cupo-protein maturation - + + 
cusA Cu/Ag Efflux RND Transporter Resistance to Cu and Ag +* - +* 
cusB Membrane fusion protein Resistance to Cu and Ag +* - +* 
cusC Outer membrane efflux protein Resistance to Cu and Ag +* - +* 





zntA Zn/Cd/Co transporting ATPase Heavy-metal resistance +* - +* 
czcA Metal cation efflux:  RND 
Transporter 
Heavy-metal resistance - +* +* 
czcB Metal cation efflux: membrane 
fusion protein 
Heavy-metal resistance - +* +* 
czcC Outer membrane efflux protein Heavy-metal resistance - +* +* 
 
Arsenic (As) 
arsB Arsenical pump membrane protein As resistance via As (III) efflux  - +* +* 
arsC Glutaredoxin-dependent arsenate 
reductase 
As resistance via As(V) reduction +* +* + 
arsC1 Arsenate reductase As resistance via As(V) reduction - + + 
Chromium (Cr) chrA1, 
A2 
Chromate transport protein Reduces chromate accumulation via 
transport 
- + + 
+ Detection 
- No detection 
*Significant sequence homology 









sec/fiaa111/5851273 by Acquisition D




Table 3. The detection of stress response, nutrient cycling, and biofilm formation genes in Serratia sp. (D1), Stenotrophomonas sp. (D2), 
and C. metallidurans CH34. 










gpx Glutathione peroxidase Detoxification via free-radical 
neutralisation (H2O2 related) 
+* +* +* 
gstA Glutathione transferase Detoxification via free-radical 
neutralisation (H2O2 related) 
+* +* +* 
sodB Superoxide dismutase Removal of superoxide radicals +* +* +* 
ohr Organic hydroperoxide 
resistance 
Neutralisation of oxidative stress +* +* +* 
yggX Fe(II)-trafficking protein Cellular response to oxidative stress + + + 
gsiBC Glutathione ABC transporter Oxidative stress neutralization due to 
heavy metal stress 
+ - - 
pspG Envelope stress response 
protein 
Reducing oxidative stress on cell 
membrane 
+ - - 
grx Monothiol glutaredoxine  Protect against oxidative stress and 
maintain redox homeostasis 
+ + + 
glsB Stress responsive membrane Reducing oxidative stress on cell 
membrane 









csrA C storage regulation Regulates carbohydrate metabolism under 
nutrient limiting condition 
+* +* - 
cstA C starvation Peptide uptake in response to starvation +* +* +* 
narK Nitrate/nitrite transporter  Nitrate assimilation +* +* +* 
ntrBC N regulation N fixation + - + 
ntrY N assimilation regulation N fixation - + + 
nac N assimilation regulation Regulates nitrogen metabolism in nitrogen 
limiting condition 
- + - 
azoR FMN-dependent NADH-
azoreductase 
Xenobiotic degradation via 
biotransformation 
+ + - 
- Aromatic ring-hydroxylating 
dioxygenase 





hmpS Biofilm formation regulator Intercellular signal transduction + - - 
bsmA Biofilm peroxide resistance 
protein 





Biofilm matrix structural stability - + - 
+ Detection 
- No detection 
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